Human adenoviruses are double-stranded DNA viruses responsible for numerous infections, some of which can be fatal. Furthermore, adenoviruses are currently used in clinical trials as vectors for gene therapy applications. Although initial binding of adenoviruses to host attachment receptors has been extensively characterized, the interactions with the entry receptor (integrins) remain poorly understood at the structural level. We characterized the interactions between the adenovirus 9 penton base subunit and α V β 3 integrin using fluorescence correlation spectroscopy and singleparticle electron microscopy to understand the mechanisms underlying virus internalization and infection. Our results indicate that the penton base subunit can bind integrins with high affinity and in several different orientations. These outcomes correlate with the requirement of the pentameric penton base to simultaneously bind several integrins to enable their clustering and promote virus entry into the host cell.
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H uman adenoviruses are classified into more than 60 different serotypes and are associated with acute respiratory, gastrointestinal, and ocular infections, as well as fulminant infections among children and immunocompromised patients. Replication-defective or conditionally replicating human adenoviruses are also used in a large number of clinical trials for vaccine and therapeutic gene transfer (1) . Adenoviruses are large, nonenveloped double-stranded DNA virions sharing a common capsid architecture based on T = 25 icosahedral symmetry (2) (3) (4) . The hexon, penton base, and fiber proteins are the main capsid building blocks, with several cement proteins further contributing to capsid stability. The structural conservation of hexon-and penton-like proteins among several virus families infecting organisms of the three domains of life suggested that these virions are evolutionarily related and resulted in their classification in the PRD1-adenovirus lineage (2, 3, (5) (6) (7) (8) (9) (10) (11) .
The trimeric fiber protein and the pentameric penton base are the major players in adenovirus attachment and cell entry. Initial attachment of the virus occurs through the binding of the fiber C-terminal distal knob domain to attachment receptors such as coxsackie and adenovirus receptor (CAR), the complement receptor CD46, the GD1a glycan, or desmoglein-2 (DSG-2) (12). After initial cell attachment, a highly conserved arginine glycine aspartic acid (RGD) motif in a long loop of the penton base subunits engages α v β 3 or α v β 5 integrins, which serve as entry receptors. Binding to integrins promotes integrin clustering and in turn rapid receptor-mediated internalization of the virion (13) . Partially disassembled capsids escape from the endosome and are transported along microtubules to the perinuclear envelope, where further disintegration of the capsid allows import of the viral genome into the nucleus (14) .
Although binding of the adenovirus trimeric fiber protein to the attachment receptors CAR, CD46, and GD1a has been extensively characterized, the interactions between the penton base and heterodimeric integrin remain less well understood at the structural level. Integrins are heterodimeric cell-surface transmembrane proteins involved in the regulation of adhesion, migration, growth, and differentiation (15) . They form a stalk-like structure composed of a large "headpiece" that engages ligands and slender "legs" that anchor the heterodimer into the membrane. Integrins can assume a bent, inactive conformation, in which the legs are wrapped around the headpiece, as well as more extended, active conformations (16) (17) (18) . The large multidomain extracellular moiety formed by the two integrin chains is able to bind a variety of ligands, including several viruses (e.g., adenoviruses), whereas the smaller intracellular domains interact with cytoskeletal proteins to carry out bidirectional signaling (19) (20) (21) (22) (23) . Some integrins, such as α v β 3 , are able to engage RGD sequences, which are found in various physiological ligands, and a crystal structure of a complex between α v β 3 integrin and a small peptide harboring this sequence has shown that the RGD motif binds to an exposed region in the headpiece (17) . Located at the interface of the α v and β 3 chains, the RGD sequence inserts into a cleft formed by the β-propeller domain of the α v chain and the βA domain of the β 3 chain. All three amino acids-RGD-make specific contacts with headpiece residues. Previous studies have attempted to characterize the interactions between adenovirus and integrin using electron cryo-microscopy and biophysical techniques (24, 25) . The results suggested that four integrins could simultaneously bind onto one penton base with varying orientations (due to steric hindrance). However, these interactions could not be analyzed in detail due to the large conformational flexibility of the integrin as well as the symmetry mismatch between the two partners.
Significance
Human adenoviruses are responsible for numerous infections and are used in clinical trials for gene therapy applications. We characterized the interactions between the adenovirus 9 penton base subunit and the entry receptor α V β 3 integrin using fluorescence correlation spectroscopy and single-particle electron microscopy to decipher the mechanisms underlying virus internalization and infection. Our results indicate that the penton base subunit can bind integrins with high affinity and, in several different orientations, in agreement with the requirement of the pentameric penton base to promote integrin clustering and virus entry into the host cell.
We set out to describe the interactions between the adenovirus penton base and integrin to understand the mechanisms underlying virus internalization and infection. Our approach differs from previous studies as we used a "minimalist" system, which is composed of the monomeric RGD loop-containing insertion domain of the adenovirus 9 penton base subunit (pb9) and the extracellular region of the α V β 3 integrin. The adenovirus 9 serotype was chosen because the penton loop harboring the RGD sequence is among the shortest, and perhaps least flexible, in the adenovirus family. We characterized the binding affinity between α V β 3 integrin and pb9 using fluorescence correlation spectroscopy (FCS) and demonstrated that the complex has a dissociation constant in the nanomolar range. We also analyzed the extracellular region of the α V β 3 integrin, either unliganded or in complex with the penton base domain, using single-particle electron microscopy. The results unexpectedly indicate that the penton base can bind integrins in several orientations and suggest a putative mechanism for integrin clustering and virion internalization at the onset of infection.
Results
Extracellular Region of α V β 3 Integrin Forms a Stable Complex with pb9. Using insect cell expression, we produced a secreted α V β 3 construct containing the extracellular domains of the two integrin chains along with the Fos or Jun dimerization domain and a hexahistidine or Strep-tag fused to the C termini of the α-and β-subunits, respectively (Fig. S1A ). After affinity purification, we removed the Fos/Jun domains and the tags by HRV3C protease cleavage to yield the soluble, heterodimeric α V β 3 ectodomain (Fig. S1B) . This protein was then further purified by size-exclusion chromatography, either directly or after incubation with an excess of pb9. pb9 comprises the most surfaceexposed region of the penton base subunit (amino acids residue 116-360), including the extended loop harboring the RGD motif. As pb9 lacks the base region of the penton base, it can be expressed in Escherichia coli and purified as a monomer (Fig.  1A) . The elution profile of the unliganded integrin featured a single, symmetrical peak indicating the presence of a monodisperse and homogenous sample (Fig. 1B) . The sample containing pb9 was characterized by the presence of two wellseparated peaks with shorter and longer retention times compared with α V β 3 . We interpreted the first peak as being the complex between the penton base and α V β 3 whereas the second peak corresponded to the excess of penton base, as confirmed by SDS/ PAGE ( Fig. 1 B and C) .
pb9 Binds with Nanomolar Affinity to α V β 3 Integrin. We next characterized the affinity between pb9 and α V β 3 using FCS. Labeling of the penton base was achieved by thiol coupling of the fluorescent dye Atto532-maleimide with the residue Cys-208, which is distal to the RGD motif. Diffusion times (τ D ) of pb9 alone and in the presence of various concentrations of α V β 3 integrin were measured in a confocal setup. Saturation in the diffusion time was reached at an integrin concentration of 2.45 μM. The influence of added integrin on the diffusion time of the labeled pb9 was used to analyze the binding affinity ( Fig. 2A) . We determined a dissociation constant (K D ) of 415 ± 62 nM for the complex by extrapolating the concentration of added α V β 3 required to bind to 50% of the penton base in solution (Fig. 2B) . These results demonstrated that the penton base construct that we used bound with high affinity to α V β 3 integrin and was suitable for structural studies.
Structure of α V β 3 Integrin in the Absence of Ligand. Structural analyses of α V β 3 had shown that the heterodimer can assume a bent, inactive conformation in which the "legs" are wrapped around the headpiece, as well as a range of more extended conformations that represent different stages of activation (18) . These compact and extended forms were visible in our single-particle, negative-stain electron microscopy images of purified integrins, distinguishable as horseshoe-shaped and highly flexible molecules (Fig. S2 ). To deal with this high degree of heterogeneity, an iterative strategy was used to identify homogeneous classes corresponding to various conformational snapshots of the α V β 3 integrin. We identified several different characteristic conformations resulting from the pronounced flexibility of the "leg" domains belonging to chains α V and β 3 ( βA domain of the β-chain. The assignment was further validated by our ability to resolve the density belonging to three consecutive domains forming the α V chain leg, i.e., thigh, calf-1, and calf-2 (Fig. 3A) .
We used the random-conical tilt (RCT) approach (26) to compute 3D reconstructions from each independent 2D class average. The resulting density maps feature the expected integrin domains and confirm the presence of several conformational snapshots of the α V β 3 integrin (Fig. 3 B and C) . Bent integrins exhibit a characteristic "V" shape due to the folding of the elongated heterodimer onto itself as a result of the interactions formed between the headpiece and tailpiece, similar to what was seen in the crystal structure of inactive α V β 3 (16) . We also obtained reconstructions corresponding to several extended integrin conformations with various degrees of opening of the α V and β 3 legs ranging from "crossed" to "wide open" (Movie S1). These conformers can be readily assigned to the known functional states of the integrin life cycle (18, 22, 23) , therefore confirming the integrity of the protein after grid preparation.
Plasticity of Interactions Between pb9 and α V β 3 Integrin. When pb9 was added to the integrin preparation, an additional density with a roughly globular shape appeared to contact the distal part of the α V β 3 headpiece, as observed by negative-stain electron microscopy (Fig. S3) . This density could be directly attributed to the penton base insertion domain that is known to bind via its RGD-binding loop to heterodimeric α V β 3 integrin, thereby promoting endocytosis of the virion at the onset of infection. Complex formation did not require the integrin molecules to be in a defined conformation as the penton base could bind to both bent and extended integrins and to virtually all possible extended conformational states of the α V β 3 legs (Fig. 4 A and B and Movie S2). We detected at least four different binding modes of pb9 on the integrin headpiece, and these appear to be compatible with the conformational states that the extended integrins can adopt (18), as we obtained snapshots corresponding to all possible combinations.
We again relied on the RCT approach to compute 3D reconstructions of each conformation of the complex. The resulting maps are in good agreement with the corresponding 2D class averages from which they originated, and they support the observation that the penton base insertion domain binds to the α V β 3 headpiece at several locations (Fig. 4C) . These binding modes are profoundly different from each other and correspond to a variation of the penton base position relative to the β-propeller/βA domains of the α V /β 3 chains (Fig. 5) . Indeed, the adenovirus protein is bound at discrete locations between the apex of the integrin headpiece (at the interface between the propeller domain of the α V chain and the βA domain of the β 3 chain) and its lateral moiety (at the interface between the βA domain and the hybrid domain of the β 3 chain).
Discussion
Although integrins serve as entry receptors for many viruses (27) (28) (29) (30) , the molecular details underlying these interactions are not well understood for any virus. The observation that the penton base insertion domain can bind to α V β 3 integrin in various different orientations constitutes an unexpected finding, particularly compared with other structural analyses of attachment and entry receptor complexes of viruses. These structures generally depict one state of binding and do not offer insights into possible dynamic aspects of the interaction. Although the interacting partners might be sterically more restrained in vivo, because of quaternary interactions at the penton and icosahedral symmetry of the particle, their relative positions and orientations appear compatible with the presence of the assembled virion. The pb9 RGD loop comprises ∼32 residues and can project at most ∼55 Å from the penton fold when considering fully extended residues. As we know the exact location of the RGDbinding site on the integrin headpiece (17), we can evaluate the relevance of the different interaction types by measuring the distance between the anchor of the RGD loop onto the penton base and the RGD peptide. All of the binding modes detected by single-particle EM are consistent with the number of residues present in the pb9 RGD loop. The fact that we observed the penton base bound to the α V β 3 headpiece region formed by the propeller domain of the α V chain and the βA domain of the β-chain further supports the biological significance of these various types of interactions. We were not able to demonstrate any correlation between the penton base binding mode and the conformation of the integrin heterodimer. This outcome can be interpreted either as a result of the versatility of the adenovirus penton base to bind to all possible integrin conformational states or as a consequence of the absence of the α V β 3 transmembrane domains that would further restrict the degrees of freedom of the two integrin chains. The observation of the penton base bound to the bent integrin conformation is reminiscent of the situation reported for the complex between integrin α V β 3 and fibronectin (19) although the presence of the complete virion might prevent such interactions in vivo due to steric hindrance. Nevertheless, it seems clear that multiple binding modes exist between pb9 and α V β 3 and that the complex may form successively and perhaps cooperatively. It is likely that initial interactions involve docking of the RGD sequence into the cleft of α V β 3 , tethering the virus to the cell surface. The inherent flexibility of the RGD loop could be used by adenoviruses to scan the cell surface, and the different RGD loop/α V β 3 -binding modes would maximize the likelihood of productive binding. This mechanism might also be the basis of enabling simultaneous accommodation of several integrins with varying orientations onto a single penton base pentamer [as previously suggested (24, 25) ] to facilitate their clustering and thus virus internalization. It may be significant that our results are in agreement with what was reported for the coxsackievirus-A9/α V β 6 integrin interaction, where surface plasmon resonance data could be fitted with a model involving multiple binding sites (31) . It is therefore conceivable that many viruses have evolved the capacity to simultaneously bind to integrin receptors/coreceptors in several distinct ways as a means of promoting cell entry.
Materials and Methods
Fluorescence Correlation Spectroscopy Measurements. Single-molecule fluorescence spectroscopy measurements were performed at room temperature using a home-built confocal microscope setup (32) and a Nd:YAG laser (532 nm, Coherent). Mean diffusion times (τ D ) through the confocal detection volume of ∼7 fl were measured by fluorescence correlation spectroscopy by recording the autocorrelation signal for 120 s.
EM Data Collection and Processing. All samples were negatively stained using 2% uranyl-formate. Data were acquired using the Leginon software system (33, 34) and processed using the Appion software package (35, 36) , which interfaces with the Leginon database infrastructure. Particle images were clustered in 15 (unliganded α V β 3 ) and 40 (α V β 3 in complex with pb9) different class averages, and random conical tilt reconstructions (26) were computed for all of them using the initial model pipeline within the Appion architecture. Fitting of the atomic model within the reconstructions was achieved using University of California at San Francisco Chimera (37) and Coot (38) . Movie S1
